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Introduction
The Fischer -Tropsch synthesis (FTS) is a process, in which saturated and unsaturated liquid hydrocarbons are produced from synthesis gas [1] [2] [3] . It is the process of great importance due to the possibility of alternative fuels production.
Cobalt and iron supported on SiO 2 , Al 2 O 3 or TiO 2 are widely used as catalysts of Fischer -Tropsch synthesis [2, 4] . In the last time the zeolites are also used as the catalyst supports in FTS [4] . It was shown [2, 4] that high activity and selectivity of supported cobalt catalysts in FT reaction depend on amount of active centers present on catalysts surface as metallic cobalt nanoparticles. Very often the activity of supported cobalt catalysts depends on the metal dispersion and reduction state of Co 3 O 4 phase [2, 4] .
Usually, the application of supported cobalt and iron catalysts in FT synthesis leads to the formation of linear hydrocarbons and waxes. Such liquid products have high cetane number but very low octane number. To obtain hydrocarbons with higher octane number zeolites modified by cobalt was applied as potential FTS catalysts. These zeolites materials have several advantages, such as high surface area, micro -and mesoporous structure, which can improve metal dispersion and thus lead to obtain smaller size of metal nanoparticles.
Additionally, their well known catalytic properties in cracking can cause a decrease of selectivity toward long-chain paraffins and an increase of selectivity towards shorter-chain of saturated and unsaturated hydrocarbons. In consequence, one can expect an increase in the octane number of liquid products of FT synthesis [2, [4] [5] [6] [7] .
As it was recently shown [8, 9] , the physicochemical properties of catalyst, such as, Supported metal/BEA zeolite catalysts were investigated in FT reaction due to the presence of acidic sites, which can increase the activity and selectivity of catalysts in CO hydrogenation [10, 11] . The modification of BEA zeolite by dealumination followed by the introduction of transition metals can improve the activity of cobalt zeolite catalysts in Fischer-Tropsch synthesis and enable the selective production of liquid hydrocarbons.
This work is focused on the determination of physicochemical properties and catalytic performance in FT reaction of CoBEA zeolite materials prepared by conventional wet impregnation and two-step postsynthesis procedures. The activity of Red-C-Co x AlBEA zeolite catalysts prepared from HAlBEA zeolite containing Brønsted acidic sites is compared with that of Red-C-Co x SiBEA zeolite catalysts prepared from SiBEA zeolite that do not contain this type of acidic sites. The remarkable effect of the two-step postsynthesis procedure on the catalytic activity of CoSiBEA zeolites in the Fischer-Tropsch Synthesis has been demonstrated in this work.
Experimental part

Samples preparation
The series of Co x AlBEA and Co x SiBEA zeolites (where x = 10 and 20 Co wt %) were prepared by conventional wet impregnation and two-step postsynthesis procedure, respectively [12] [13] [14] .
Tetraethylammonium BEA (TEABEA) zeolite provided by RIPP (China) was divided into two fractions. The first one was calcined (air, 15 h, 550 °C) in order to obtain an organicfree AlBEA zeolite (Si/Al = 12.5). The Co x AlBEA zeolites were prepared by impregnation of AlBEA with an aqueous solution of Co(NO 3 ) 2 . 6 H 2 O (pH = 2.6) under aerobic conditions [12] [13] [14] . Then the suspensions were stirred at 80 °C for 2 h until water was evaporated and M A N U S C R I P T 
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Methods of samples characterization
DR UV-Vis spectra were recorded under ambient atmosphere on a Cary 5000 Varian spectrometer equipped with a double integrator with polytetrafluoroethylene as reference.
Powder X -ray diffractograms were recorded on a Bruker D8 ADVANCE using Cu K α radiation (λ = 154,05 pm) in 2θ range of 5 -90°.
The TPR -H 2 measurements were carried out in an automatic TPR system (AMI-1) in the temperature range of 25 -900 °C, using H 2 stream (5 % H 2 -95 % Ar, flow 40 mL . min -1 ).
H 2 consumption was monitored by a thermal conductivity detector (TCD).
The TPD -NH 3 measurements were carried out in a quartz reactor using gaseous ammonium. NH 3 was adsorbed on zeolite catalysts at 100 °C for 10 minutes in flowing He.
Before NH 3 adsorption catalysts were dried at 500 °C in He flow for 30 minutes.
The temperature programmed desorption of NH 3 was carried out in the temperature range 25 -500 °C, after removing physisorbed ammonium from the catalyst.
Before Thermal analysis data (SETSYS 16/18, Setaram (France) and mass spectrometer ThermoStar, Balzers (Germany)) were used to define the formation of carbon deposit.
The measurements were made in the range of 25 -1000 °C in flowing air.
Catalytic tests
The FT catalytic tests were carried out in a fixed bed reactor using a gas mixture of H 2 and CO with molar ratio 2/1 and total flow of reagents 60 mL . min -1 . Reaction was The quantitative analysis of CO conversion (K CO ) and selectivity towards CO 2 (S CO2 ), CH 4 (S CH4 ) and liquid products (S LP ) were calculated in the following way:
where: K CO -CO conversion S COin -the peak's surface of CO on inlet before reaction (standard)
S COari -the peak's surface of CO after reaction S CH4 -selectivity towards CH 4 S CO2 -selectivity towards CO 2 X CH4i -the peak's surface of CH 4 formed during reaction X CO2i -the peak's surface of CO 2 formed during reaction X CH4out -the teorethical peak's surface of CH 4 which could be formed during reaction in the case when all CO is converted to CH 4 X CO2out -the teorethical peak's surface of CO 2 which could be formed during reaction in the case when all CO is converted to CO 2 X CH4s -the peak's surface of CH 4 standard when only methane is analyzed X CO2s -the peak's surface of CO 2 standard when only carbon dioxide is analyzed F -contraction coefficient taken into account the changes of flow and differences between gaseous substrates and liquid products: The acidity of C-Co x AlBEA and C-Co x SiBEA was investigated by TPD of NH 3 . The results of TPD -NH 3 studies are showed in the Figures 5 and 6 and Table 2 .
For C-Co 10 AlBEA and C-Co 20 AlBEA (Fig. 5 ), two peaks with maximum at 220 °C and 470 -480 °C are seen related to the presence of weak and strong acidic sites, respectively.
- Figure 5 -For C-Co 10 SiBEA and C-Co 20 SiBEA (Fig.6 ), the desorption peaks with the maximum at 190 and 410 -430 °C are seen which can be assigned to weak and strong acidic sites, respectively. The lower temperature of high temperature desorption peaks for C-Co 10 SiBEA and C-Co 20 SiBEA than for C-Co 10 AlBEA and C-Co 20 AlBEA is related to removal of strong acidic sites upon dealumination process in the first step of two-step postsynthesis procedure.
- Figure 6 -
The quantitative TPD -NH 3 results presented in Table 2 confirm that dealumination process leads to decrease acidity of BEA zeolite, in line with our ealier works [13, 14] .
The amount of adsorbed NH 3 is more than 2 times lower for C-Co x SiBEA (1390 µmolg -1 for C-Co 10 SiBEA and 1010 µmolg -1 for C-Co 20 SiBEA) than for C-Co x AlBEA (2760 µmolg -1 for C-Co 10 AlBEA and 2440 µmolg -1 for C-Co 20 AlBEA). The smaller amount of adsorbed NH 3 for C-Co 20 AlBEA than for C-Co 10 AlBEA is probably related to much stronger pore blocking by cobalt oxides in the former than in the latter.
- Table 2 - The TPR -H 2 of C-Co 10 AlBEA and C-Co 20 AlBEA (Fig. 7) and C-Co 10 SiBEA and C-Co 20 SiBEA (Fig. 8) show that for both series the reduction process is multistage.
For C-Co 10 oxides and in the latter of pseudo-tetrahedral Co(II) strongly bonded to zeolite structure.
The morphology of cobalt nanoparticles as determined by TEM analysis
In the Figure 9 the TEM images of C-Co 20 AlBEA (Fig. 9a ) and C-Co 20 SiBEA (Fig. 9b) after reduction in hydrogen flow at 900 °C are presented. They show the typical shape of BEA zeolite and small Co(0) nanoparticles. As it is shown in Table 1 , the average nanoparticles size of Co(0) in reduced C-Co 20 SiBEA is 14 nm and is much lower than those formed in reduced C-Co 20 AlBEA (31 nm).
- Table 1 -
The TEM EDS analysis suggests that BEA zeolite dealumination and incorporation of Co into zeolite structure ensure very good dispersion of metal and thus creation of small Co(0) nanoparticles. It seems that the higher dispersion and smaller Co(0) nanoparticles in reduced C-Co x SiBEA than in reduced Co x AlBEA can lead to obtain of the better catalytic properties in Fischer -Tropsch reaction.
The catalytic activity of Red-C-Co x SiBEA and Red-C-Co x AlBEA in Fischer -
Tropsch synthesis
The Red-C-Co 
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54 to 52 %) and slight increases of selectivity towards CH 4 (from 35 to 38 %) ( Fig. 11 ).
- Figure 11 -At the same time, on Red-C-Co 10 SiBEA catalyst one can observe a much higher decreases in CO conversion (from 90 to 44 %) and selectivity towards liquid products (from 83 to 76 %) and increases of selectivity towards CH 4 (from 12 to 18 %) (Fig.12a) . The most stable catalyst
is Red-C-Co 20 SiBEA (Fig. 12b ), for which any significant changes in CO conversion and selectivity towards liquid products are observed. In this case the CO conversion remains near 90 % and selectivity towards liquid products near 85 % after 20 h of reaction. The selectivity towards CO 2 is stable and remains at the level of 5 % for all catalysts under study.
- Figure 12 -
The liquid products fraction was analyzed using GC -MS technique. Results of this analysis are presented in the Figure 13 and quantitative analysis is showed in Table 3 . During FT reaction carried out on Red-C-Co x AlBEA catalysts the main liquid products are saturated hydrocarbons (C 7 -C 17 ). The ratio of isoalkanes to n-alkanes is 0.10 for Red-C-Co 10 AlBEA.
In contrast, for Red-C-Co 20 AlBEA only saturated hydrocarbons (n-alkanes) are observed ( Fig.   13 and Table 3 ). On Red-C-Co x SiBEA catalysts both saturated (n-alkanes and isoalkanes) and unsaturated (C 7 -C 18 ) hydrocarbons are identified ( Figure 13 ). For Red-C-Co 10 SiBEA catalyst the isoalkanes to n-alkanes ratio is 0.49 and ratio of olefins to n-alkanes is 0.16. For
Red-C-Co 20 SiBEA catalyst the isoalkanes to n-alkanes ratio is 0.28. The ratio of unsaturated hydrocarbons to n-alkanes is 0.01 for Red-C-Co 20 SiBEA (Table 3) .
The difference between identified liquid products for Red-C-Co x AlBEA and Red-C-Co x SiBEA catalysts seems to be caused by the presence of various acidic sites in both types of catalysts. It is believed that hydrocarbons chain propagation occurs at metallic Co M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT 16 nanoparticles, located in extra-framework zeolite position and then formed hydrocarbons are transformed into lighter products, containing less n-alkanes, in line with earlier report [31] .
- Figure 13 -- Table 3 -It is very interesting to understand what processes occur on zeolite catalysts during FT reaction and how the liquid hydrocarbons are formed. These studies are undertaken and will be subject of further publication.
The serious problem in Fischer -Tropsch synthesis is carbon deposition which blocks active sites of this reaction. We investigated amount and type of carbon deposit on both types of zeolites catalysts by TG -DTA -MS technique. The results are presented in Figure 14 and
in Table 4 . As it is seen the carbon deposition is higher for Red-C-Co x AlBEA (12 -18 %) than for Red-C-Co x SiBEA (11 -12 %) ( Table 4 ). The oxidation of carbon occurs in two stages for Red-C-Co 10 SiBEA, Red-C-Co 20 SiBEA and Red-C-Co 20 AlBEA catalysts. Both forms of carbon deposition are easily oxidised. The oxidation proceeds up to 500 °C (Fig. 14) .
In the case of Red-C-Co 20 AlBEA catalyst (Fig. 14a ) two peaks of CO 2 formation (MS profile) with maximum at 300 °C are assigned to removal of surface waxes or surface carbides forms whereas the peak with the maximum at 420 °C may be attributed to the removal of polymeric carbon, in line with earlier reports [32, 33, 34] . For Red-C-Co 20 SiBEA catalyst (Fig. 14b ) two peaks of CO 2 formation are also observed and both of them are probably related to removal of surface carbides forms or surface waxes, as suggested recently for Co/SiO 2 materials by Lee and Moodley [33, 34] . 
Conclusions
Two different Co-containing zeolite systems were obtained by two different preparation procedures, C-Co x AlBEA by conventional wet impregnation and C-Co x SiBEA by two-step postsynthesis method. These zeolite systems showed different physicochemical properties related to Co species being in a weak and strong interaction with zeolite supports, respectively.
Red-C-Co x SiBEA catalysts showed a very good catalytic activity in Fischer-Tropsch synthesis. The most active and stable catalysts were Red-C-Co 10 SiBEA and
Red-C-Co 20 SiBEA with very high CO conversion (near 90 -95 %) and selectivity towards liquid hydrocarbons (saturated n-alkanes and isoalkanes and unsaturated hydrocarbons) near 85 %.
Moreover the amount of carbon deposition on Red-C-Co x SiBEA catalysts (11 -12 %) was lower than that on Red-C-Co x AlBEA catalysts (12 -18 %) . Table 1 The average nanoparticles size for Red-C-Co 20 Red-C-Co 20 SiBEA 14.
3 Table 2 The quantitative analysis of TPD-NH 3 measurements
Sample
The amount of adsorbed NH 3 (mol g -1 )
C-Co 10 Table 3 The ratios of isoalkanes to n-alkanes and alkenes to n-alkanes calculated from GC-MS analysis data of liquid products obtained during FT reaction on various catalysts Catalyst iso/n-alkanes ratio C n H 2n /n-C n H 2n+2 ratio Reference [30] M A N U S C R I P T Table 4 Carbon deposit on Spent-Red-C-Co • The most active catalysts were Red-C-Co x SiBEA with high CO conversion of 90 -95 %.
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Liquid products obtained in FTS on Red-C-Co 10 AlBEA
• The selectivity towards liquid hydrocarbons (C 7 -C 18 ) on these catalysts was 85 %.
• Cobalt nanoparticles in Red-C-Co x SiBEA were much better dispersed than that in Red-C-Co x AlBEA
• The carbon deposition on Red-C-Co x SiBEA was lower than that on Red-C-Co x AlBEA
